We have investigated a relativistic jet injected into an oblique magnetic Ðeld in a slab geometry using a newly developed relativistic magnetohydrodynamic simulation code. The simulation code employs a simpliÐed total variation diminishing method. We compare the nonrelativistic and relativistic jets to Ðnd the relativistic e †ects when the jet propagates across the oblique magnetic Ðeld. Numerical results show that both the nonrelativistic and relativistic jets are bent by the oblique magnetic Ðeld. However, the relativistic jet is weakly bent compared to the nonrelativistic one. We try to express the bending scale detected in the simulation with a simple model and Ðnd good agreement between them. We apply the results to the explanation of the bending of the extragalactic jets.
INTRODUCTION
Very long baseline interferometry (VLBI) and Very Large Array (VLA) observations reveal that the extragalactic jets are often bent through large apparent angles (e.g., Mutel et al. et al. & 1989 ; Mutel 1990 ; Gabuzda 1992 ; Cawthorne Gabuzda Sol, & Vicente The bending 1995 ; Appl, 1996) . could be caused from a variety of mechanisms, including helical trajectories due to Kelvin-Helmholtz instability (e.g. (Begelman, 1980) , in a dense ambient medium (e.g.,
The staLudke 1994). tistical analysis of the observations, namely, of the misalignment of the extragalactic jets, reveals that for almost all BL Lacertae objects, one-sided jet structures at parsec and kiloparsec scales are strongly misaligned, while for some quasars they are more nearly aligned (e.g., Mutel 1989 ; Sol, & Vicente A new mechanism of the Appl, 1996) . bending of the jet due to interaction with the cosmic turbulent magnetic Ðeld has been proposed to explain the peculiarity of BL Lacertae objects & Vicente (Sol 1992 ; Sol et al. In fact, et al. show 1994 ; Koide 1996b) . Jones (1985) that around BL Lacertae objects the ambient magnetic Ðeld is turbulent, while it is not so around quasars. This additional bending mechanism due to the turbulent magnetic Ðeld may explain not only this observational property, but also three other peculiarities of BL Lacertae objects : (1) the lack of the emission line, (2) polarization parallel to the jet, and (3) the slower propagation of the jet of BL Lacertae objects compared to quasars. The elemental process of this model, which is a jet propagation into an oblique magnetic Ðeld, has been investigated using nonrelativistic magnetohydrodynamic (MHD) simulations et al. (Koide 1996b) . However, the VLBI observations have also presented compelling evidence for the relativistic Ñow in most of jets (e.g., Porcas, & Akujor et al. Fejes, 1992 ; Hummel 1992 ; Conway & Davis Wardle, & Roberts et 1994 ; Gabuzda, 1989 ; Mutel al. thus, relativistic magnetohydro-1990 ; Cawthorne 1991 Mart• (1995) . few studies of the full RMHD simulation of the jet. The RMHD simulation of a relativistic jet injected into a parallel magnetic Ðeld was presented by Nishikawa, & Koide, Mutel This work showed that both a relativistic (1996a). e †ect and a strong parallel magnetic Ðeld collimate the jet.
In this paper, we report on a Ðrst numerical simulation of a RMHD jet bent because of an oblique magnetic Ðeld in a slab geometry. The numerical result shows that both the nonrelativistic and relativistic jets are bent by the oblique magnetic Ðeld. In both the cases, the backÑows are formed mainly on one side of the jet. However, the relativistic jet is weakly bent, while the nonrelativistic one is bent quickly. The magnetic Ðeld lines are bent by the jets, and the reversed Ðelds form in both cases. The area of the reversed Ðeld of the relativistic case is wider than that of the nonrelativistic case because the relativistic jet drags the magnetic Ðeld lines a longer distance. We compare the bending scale detected in the simulation with a simple model and Ðnd good agreement between them. We discuss the possibility of the application of this mechanism to the bent extragalactic jet using these relativistic results.
RELATIVISTIC MAGNETOHYDRODYNAMIC EQUATIONS AND NUMERICAL METHOD
The ideal RMHD equations with arbitrary speed of light c are as follows et al. (Weinberg 1972 ; Koide 1996a) :
where D 4 co, is velocity, c is Lorentz factor c 4 [1 [ ¿ (v/c)2]~1@2, and p and e \ oc2 ] p/(! [ 1) are proper pressure and proper energy density, respectively. Here o and !(\5/3) are the rest mass density and speciÐc heat ratio. The quantities T and v are deÐned by
The electric Ðeld E, magnetic Ðeld B, current density J, and charge density are normalized as E \ E*/k1@2, o c B \ B*/k1@2, J \ k1@2J*, and where E*, B*, J*, o c \ k1@2o c *, and are in the MKSA unit system and k is magnetic o c * permeability. These equations reduce to typical Newtonian MHD equations exactly when one takes the nonrelativistic limit : c ] O. This is the reason we call these equations RMHD equations.
To solve the RMHD equations numerically, we have developed a three-dimensional RMHD simulation code et al. that employs a simpliÐed total variation
This method is (Davis 1984) . useful because it requires only the maximum speed of waves, and we do not have to solve the eigenvalue problem of the Jacobian of the RMHD equations. However, it has shortcomings, such as the fact that the method may smooth the physical structures artiÐcially when the ratio of the wave speeds to the mesh width at a certain point is much larger than that at other points. We tested this method by performing the simulations of sound, magnetosonic shock waves, and the relativistic shock tube model. To check this RMHD code, we conÐrmed that the nonrelativistic limit with the high speed of light (c B 50) leads to the result of the Newtonian calculation (nonrelativistic MHD simulation) using the calculation of Kelvin-Helmholtz instability and magnetized jet simulations. We also checked the divergence-free condition of the magnetic Ðeld and the conservation of electric charge from the Ampe`re and Gauss laws in these relativistic calculations.
NUMERICAL RESULTS
We present results of a two-dimensional simulation of a relativistic jet injected into an oblique magnetic Ðeld. We show nonrelativistic and relativistic cases to Ðnd relativistic e †ects clearly. Initially, the rest mass density o, pressure p, and magnetic Ðeld B are uniform, and the velocity van-¿ ishes except for the jet oriÐce of the left boundary : 
initial magnetic Ðeld
The characteristic bending (Fig. 1a) . scale, which is the traveling distance of the jet bent in the direction of the initial magnetic Ðeld, is Here, the b N NR \ 5.0. bending scale is deÐned as the x-coordinate of the contact point between the jet head trajectory and the initial magnetic Ðeld lines. The backÑow and the vortex are formed only above the jet. Kelvin-Helmholtz instability does not occur because the parallel magnetic Ðeld inside the jet is so strong that it stabilizes the instability et al. (Bodo 1989 ; The slight Ñows are found at the back of Todo 1992). the bow shock boundary. The phase velocity of the bow shock is This means that the bow shock is a weak 1.84v
A . shock wave, because the velocity is almost the same as the phase velocity of the fast wave
The compresv f \ 1.41v A . sion of the magnetic Ðeld is also seen at the back of the bow shock
The magnetic Ðeld is also bent by the jet. In (Fig. 1b) . the backÑow region, the magnetic Ðeld is strongly bent, and a reversed Ðeld is formed because of the backÑow.
2. Relativistic shows that the relativistic case.ÈFigure 2a jet (c \ 4.56) is weakly bent because of the oblique magnetic Ðeld, compared to the nonrelativistic jet. The bending scale cannot be detected directly in but we can esti- Figure 2a , mate it by the extrapolation of the jet head trajectory, assuming it has parabolic shape. We have to identify the jet head by Mach disk, which is determined by the pressure plot. It provides the jet head location at x \ 11, y \ 1.5. The bending scale is then estimated to be It is b N R \ 40. noted that the stream tube from the jet oriÐce of is Figure 2a not identiÐed with the trajectory of the jet head because the stream contains not only the bulk of the jet, but also the backÑow. In there is a region where the velocity Figure 2a , is parallel to the initial magnetic Ðeld at x D 12. However, the distance between the region and the jet oriÐce is not the bending scale, because the bending scale is determined when the jet head moves along the direction of the initial magnetic Ðeld. The Ñow at x D 12 in is the branch Figure 2 of the strong backÑow above the jet. Kelvin-Helmholtz instability is also not seen in this case because of a strong parallel magnetic Ðeld inside the jet. The magnetic Ðeld is also bent by the relativistic jet
The reversed mag- (Fig. 2b) . netic Ðeld is found in the backÑow region. The magnetic Ðeld is strongly compressed between the jet head and the bow shock. In this case, the phase velocity of the bow shock is which shows that the bow shock is a strong shock 2.29v A , wave, since the velocity is almost twice that of the fast wave velocity v f \ 1.32v A .
It is interesting to point out that the relativistic jet penetrates farther toward the x-direction than the nonrelativistic jet does, but toward the y-direction the vertical spatial scales of the jet bending are almost the same in both cases. This is because the transverse component of the action from the magnetic Ðeld is the same in both cases.
DISCUSSION
An estimation of the bending scale of the nonrelativistic jet through an oblique magnetic Ðeld, can be obtained b M NR , by considering the action of magnetic pressure and tension of the oblique magnetic Ðeld to the jet. For a nonrelativistic MHD jet, the formula for a two-dimensional jet is b M NR \ et al.
where a is the thickness of agM A 2/sin 2h (Koide 1996b), the jet and is deÐned as with k being the M A M A 4 kv 0 /v A , compression ratio of the ambient magnetic Ðeld on the lower side of the jet to the initial ambient magnetic Ðeld, (a and b correspond to the initial ambient k 4 B a /B b medium and the ambient medium on the lower side of the jet). For a RMHD jet, we consider two relativistic e †ects : increases of the mass of the particle, and particle number density due to Lorentz contraction. The expression of the bending scale of the nonrelativistic jet, replacing g with c2g, yields 
respectively. These resultb N (h \ 90¡) \ O, ant values are consistent with the theoretical estimates by equation (8) 
We show the possibility that the magnetic Ðeld around the extragalactic jets contributes to the bending of the jets. It is believed that the parsec-scale turbulent magnetic Ðeld exists around BL Lacertae objects et al. We (Jones 1985) . assume its strength as G. The jet from the B a D 3 ] 10~5 core is relativistic (c D 3), the density ratio is g \ 0.01, and the radius is a \ 1 pc according to
We also Norman (1990 (1985) , the turbulent magnetic Ðeld is pc. Then, the bending l B \ 1 of the jet due to the turbulent magnetic Ðeld must be small angle scattering, and the bending of the jet through the turbulent magnetic Ðeld is regarded as a random walk process. The bending scale of the jet due to this process is estimated as pc. The observational
collected data for all extraAppl (1996) galactic radio sources whose position angle information on both the parsec and kiloparsec scale are available. They conÐrmed that, from parsec scale to kiloparsec scale, the BL Lacertae object is bent more frequently than the quasars. This observational result may be explained by the bending scale even in the relativistic framework, as we discussed using nonrelativistic calculation et al. (Koide  1996b) . Incidentally, & Gabuzda showed that Cawthorne (1996) the bending points of the jet from 3C 454.3 have a strong oblique magnetic Ðeld. This observation may also be explained by the model of the interaction between the jets and oblique ambient magnetic Ðeld.
For the long-term propagating jets across the magnetic Ðeld, three-dimensional e †ects become important because the jets slip through the magnetic Ðeld and propagate with less resistance, as shown in the nonrelativistic simulation et al.
In this case, the electric charge separa-(Koide 1996b). tion and the displacement current become signiÐcant (Lou
The radiation e †ect is also important not only to 1993). compare the numerical results and the observations of extragalactic jets et al. but also to investigate (Go mez 1995), the contribution of the radiation pressure to the jet morphology. We intend to investigate the RMHD jets including these e †ects in future work.
